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Translation inhibitors induce cell death by multiple 
mechanisms and Mcl-1 reduction is only a minor 
contributor 

LM Lindqvist*' 1 ' 2 , 1 Vikstrom 1 ' 2 , JM Chambers 3 , K McArthur 1 ' 2 , M Ann Anderson 1 ' 2 ' 4 , KJ Henley 1 ' 2 , L Happo 1 ' 2 , L Cluse 5 , 
RW Johnstone 5 ' 6 , AW Roberts 1 ' 2 ' 4 , BT Kile 1 ' 2 , BA Croker 1 ' 2 , CJ Burns 1 ' 2 , MA Rizzacasa 3 , A Strasser 1 ' 2 and DCS Huang 1 ' 2 

There is significant interest in treating cancers by blocking protein synthesis, to which hematological malignancies seem 
particularly sensitive. The translation elongation inhibitor homoharringtonine (Omacetaxine mepesuccinate) is undergoing 
clinical trials for chronic myeloid leukemia, whereas the translation initiation inhibitor silvestrol has shown promise in mouse 
models of cancer. Precisely how these compounds induce cell death is unclear, but reduction in Mcl-1 , a labile pro-survival Bcl-2 
family member, has been proposed to constitute the critical event. Moreover, the contribution of translation inhibitors to 
neutropenia and lymphopenia has not been precisely defined. Herein, we demonstrate that primary B cells and neutrophils are 
highly sensitive to translation inhibitors, which trigger the Bax/Bak-mediated apoptotic pathway. However, contrary to 
expectations, reduction of Mcl-1 did not significantly enhance cytotoxicity of these compounds, suggesting that it does not have 
a principal role and cautions that strong correlations do not always signify causality. On the other hand, the killing of 
T lymphocytes was less dependent on Bax and Bak, indicating that translation inhibitors can also induce cell death via alternative 
mechanisms. Indeed, loss of clonogenic survival proved to be independent of the Bax/Bak-mediated apoptosis altogether. Our 
findings warn of potential toxicity as these translation inhibitors are cytotoxic to many differentiated non-cycling cells. 
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Tight control of protein synthesis is essential for normal 
cellular function and survival, but unrestrained protein synth- 
esis can promote tumorigenesis. Notably, several translation 
factors are upregulated in malignancies, such as the RNA 
helicase elF4A and the cap-binding protein elF4E, two 
members of the elF4F complex. 1 ' 2 Moreover, elF4E has 
transforming activity and cooperates with deregulated Myc 
expression in lymphomagenesis and mice deficient in the 
elF4A inhibitor Pdcd4 also develop lymphoma. 3 " 6 Translation 
elongation factors are also upregulated in a range of 
malignancies. 7 As rapidly cycling cells require increased 
translation rates, it was postulated that they might be more 
sensitive to inhibition of protein synthesis. 8,9 

One such inhibitor is homoharringtonine (HHT; Omacetax- 
ine mepesuccinate), which inhibits translation elongation by 
hindering the peptidyl transferase activity of the ribosome. 10,11 
HHT has shown promise in patients with acute myeloid 
leukemia or chronic myeloid leukemia (CML) and, importantly, 
has shown activity in imitanib mesylate (Gleevec)-resistant 
CML. 12,13 Unlike translation elongation inhibitors, which have 
been studied for decades, cell permeable inhibitors of 
translation initiation have only recently been developed. 8 

Silvestrol is a translation initiation inhibitor that targets 
elF4A. 14,15 It has demonstrated single-agent activity against 



certain human cancers transplanted into immunocompro- 
mised mice and induces remission in the E^i-myc mouse 
lymphoma model when combined with doxorubicin. 14 " 17 
Although inhibitors of translation elongation, such as HHT, 
inhibit global protein synthesis, targeting the elF4F complex 
has been proposed to be more selective, because the 
translation of certain mRNAs is thought to be particularly 
dependent on elF4F. 18 These elF4F-dependent mRNAs 
often have highly structured 5' untranslated regions and 
many of them encode proteins involved in controlling cellular 
proliferation, survival (e.g., Mcl-1) and/or oncogenesis. 19,20 
Taken together, these observations have encouraged the 
development of translation initiation inhibitors as cancer 
therapeutics. 14,17,21 

Although the mechanisms by which HHT and silvestrol 
inhibit protein synthesis are well characterized, precisely how 
they kill cells is unclear. It has been hypothesized that 
reduction of the anti-apoptotic Bcl-2 family member Mcl-1 
constitutes the major, possibly even the sole, driver of cell 
death. 16,17,22,23 Nevertheless, decreased levels of Bcl-2 have 
also been reported. 15,21 These pro-survival proteins act to 
restrain Bax and Bak, the two pro-apoptotic multi-BH domain 
Bcl-2 family members that are essential for mitochondrial 
outer membrane permeabilization, an fundamental step in the 
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so-called 'Bcl-2 family regulated' (also called 'intrinsic' or 
'mitochondrial') apoptotic pathway. 24,25 Once the mitochon- 
drial barrier is breached, cytochrome c and other apoptogenic 
factors are released into the cytosol to activate caspases, 
thereby driving cellular demolition. Other cell death pathways 
have also been implicated because translation inhibitors 
reduce the levels of cyclin D1, c-Myc, XIAP and 
cFlip. 15 ' 22,23,26 However, most attempts to determine the 
mechanisms by which translation inhibitors cause cell death 
are based on observational and correlative data (e.g., 
reduction of Mcl-1 levels) 16 ' 17,22 and the relative impact of 
blocking a specific target has not been established. 

We, therefore, decided to use genetic tools to determine the 
significance of components of the apoptosis machinery in 
the cytotoxicity induced by translation inhibition by studying 
the effects of two promising but divergent inhibitors of protein 
synthesis: the translation elongation inhibitor HHT and the 
translation initiation inhibitor silvestrol. The hematopoietic 
system was our major focus as leukemias and lymphomas 
appear to be promising targets for these compounds. 12,16,17 
We surveyed a wide range of normal and transformed 
hematopoietic cells to establish the potential indications and 
determine the likely therapeutic window. In addition to 
malignant cells, we found that non-transformed B lymphoid 
cells from many differentiation stages were highly sensitive to 
translation inhibition. Terminally differentiated non-cycling 
cells, such as neutrophils, were also sensitive. Unexpectedly, 
we found that Mcl-1 reduction was not the major contributor to 
death in a variety of cells and that cell killing did not always 
occur solely via Bax/Bak-mediated apoptosis. Indeed, we 
found that long-term clonogenic potential after treatment with 
protein synthesis inhibitors can be independent of the Bcl-2 
regulated pathway altogether. Our studies therefore provide 
critical information to guide the development and clinical 
application of these compounds as well as anticipate potential 
side effects associated with their use. 



Results 

Many human leukemia-derived cells are highly sensitive 
to inhibitors of protein synthesis. As cell lines derived 
from several hematopoietic malignancies have been reported 
to be sensitive to silvestrol and HHT, 14,15,17 we evaluated a 
panel of leukemias to determine if some cell types are more 
sensitive than others. In accord with previous reports, 17,22 we 
found that chronic lymphoid leukemia (CLL) samples freshly 
isolated from patients were exquisitely sensitive, with an 
EC 50 (concentration at which 50% of the cells are killed within 
24 h) in the low nanomolar range when vehicle-treated cells 
were still healthy (87.7 ± 1.7% viable; Figure 1a). In a larger 
panel of human leukemia-derived cell lines, we found 
efficient induction of cell death in many, but not all, of the 
lines studied (Figure 1b and Supplementary Figure 1a). Of 
note, K562, a CML-derived cell line appeared insensitive and 
the T-ALL CCRF-CEM cell line was only moderately 
sensitive, even after 72 h of continuous treatment. No 
obvious correlation was evident between the abundance of 
Bcl-2 family members and the cytotoxicity of translation 
inhibitors (Supplementary Figure 1b). Interestingly, the 



majority of leukemia cell lines were >50% viable at 24 h of 
treatment, indicating a slower rate of death than CLL, a non- 
dividing cancer in culture (Supplementary Figure 1c). These 
observations prompted us to investigate in greater detail 
whether protein synthesis inhibitors induce death in a wider 
range of cell types and evaluate the role of the Bax/Bak- 
mediated apoptotic pathway in mediating the cytotoxicity of 
these compounds. 

Translation inhibitors induce Bax/Bak-mediated apoptosis 
in diverse cell types. Previous studies suggest that inhibition 
of translation triggers apoptosis, as indicated by the surface 
exposure of phosphatidylserine or the presence of other 
biochemical markers (e.g., caspase activation). 14,16,22 Although 
these changes are associated with apoptosis, it is unclear 
whether induction of apoptosis is essential for cell killing by the 
translation inhibitors and if the Bcl-2 family regulates this death. 
We took advantage of cells derived from mice lacking one or 
more key Bcl-2 family member(s) to allow us to ascertain 
unequivocally whether translation inhibitors kill by impairing 
Bax/Bak-mediated cell survival. 

Death of immortalized mouse embryonic fibroblasts (MEFs) 
triggered by silvestrol or HHT was impaired when the 
essential apoptotic cell death mediators Bax and Bak were 
absent (Figure 2a and Supplementary Figure 2a). Remark- 
ably, loss of Bak alone was sufficient to confer marked 
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Figure 1 Human CLL cells and many leukemia or lymphoma-derived cell lines 
are highly sensitive to protein synthesis inhibitors, (a) Silvestrol and HHT rapidly kill 
CLL cells in culture. The survival of freshly isolated CLL cell samples was 
determined by exclusion of the vital dye PI and assessed by flow cytometry after 
24-h treatment with the indicated drugs (n = 3 patients), (b) Survival of a panel of 
leukemia or lymphoma-derived cells lines 72 h after exposure to silvestrol. Data 
represent the mean relative to control: cells treated with the vehicle, DMSO (n = 4). 
Error bars represent the S.E.M. in both graphs 



Cell Death and Disease 



Cell death induced by translation inhibitors 

LM Lindqvist ef al 




silvestrol (nM) silvestrol (nM) 



Figure 2 Translation inhibitors induce rapid Bax/Bak-mediated apoptosis. 
(a) Killing of fibroblasts by the translation inhibitors is mediated principally by Bak. 
The survival (PI ~ ve ) of wild-type (wt) MEFs, ones lacking either Bak, Bax, or both 
multi-BH domain pro-apoptotic Bcl-2 family members was determined after 24-h 
exposure to etoposide (VP-16; 34 /;M), silvestrol (10 /iM) or HHT (10 /(M). Data 
were obtained from two representative cell lines of each genotype, n = 3 
independent experiments, (b) Blocking caspases significantly delays killing of E/i- 
myc lymphoma cells by translation inhibitors. The survival (Pr ve ) of E^i-myc 
lymphoma cells (n=3 independent lines) treated in culture for 8h with silvestrol 
(20 /iM) or HHT (20 /iM) in the presence or absence of the broad-spectrum caspase 
inhibitor (Q-VD-OPh) was determined by flow cytometric analysis, (c) Bax and Bak 
are critical for silvestrol-induced killing of E^i-myc lymphoma cells. The survival 
(Pr ve ) of (left) wt E^i-myc lymphoma cells, ones lacking Bak or sub-clones also 
expressing an shRNA to mouse Bax (or an irrelevant control hairpin) was 
determined after 8 h of treatment with silvestrol by flow cytometric analysis. 
Alternatively (right), E^-myc lymphoma cells lacking Bax or sub-clones stably 
expressing an shRNA to mouse Bak (or an irrelevant control hairpin) were examined 
under identical conditions. Two independent lines of each genotype were studied; 
n=5 independent experiments. Cell survival was normalized to vehicle-treated 
controls; error bars represent the S.E.M. in all graphs. Statistical analysis was 
performed using two-way ANOVA (*P<0.05, **P<0.01) 

protection in this setting (Figure 2a). We excluded any 
potential differences in the ability of the compounds to inhibit 
protein synthesis in the knockout cells (Supplementary 
Figure 2b). Of note, Bak was not the sole mediator of cell 
killing by etoposide (Figure 2a), 25 indicating that translation 
inhibitors trigger apoptosis by mechanisms distinct from those 
elicited by DNA damage. 

To determine if translation inhibitors also kill hematopoietic 
cells by a Bak-dependent process, we tested immortalized 
lymphomas derived from E^-myc transgenic mice, a model of 
human Burkitt's lymphoma. 27 Translation inhibitors induced 
caspase-dependent killing of these Myc-driven pre-B/B-cell 
lymphomas (Figure 2b). We found that the E^i-myc lympho- 
mas were highly sensitive to silvestrol and HHT in vitro 
(Figure 2c and Supplementary Figure S3a), although these 
agents had been reported to be ineffective as single agents 
in vivo (see Discussion section). 11,14 Although the absence of 
either Bak (or Bax) alone did not confer resistance, combined 
deficiency (engineered by RNA interference of one gene plus 
knock-out of the other) rendered Efi-myc lymphomas 



significantly less sensitive (Figure 2c and Supplementary 
Figures 3a and b). This demonstrates that both pro-apoptotic 
proteins can have an important role in translation inhibitor- 
induced cytotoxicity and appear interchangeable in these 
cells. In summary, our studies formally demonstrate that 
mitochondrial-mediated apoptosis is a critical mechanism by 
which the translation inhibitors can kill cells. 

Multiple hematopoietic cell types are highly sensitive to 
translation inhibition, but not all are killed exclusively by 
Bax/Bak-mediated apoptosis. To determine whether the 
non-transformed counterparts of Efi-myc lymphomas are 
also sensitive to the translation inhibitors, we examined the 
sensitivity of different B-cell subsets isolated from wild-type 
mice. Interestingly, pro-B/pre-B, immature B and mature B 
cells were all highly and comparably sensitive (Figure 3a and 
Supplementary Table 1), indicating that neither oncogenic 
transformation nor differentiation stage within the B-cell 
compartment influenced sensitivity to these compounds. To 
determine whether the non-transformed B lymphoid cells die 
by a similar mechanism as Efi-myc lymphomas, we 
compared wild-type cells to ones completely lacking Bax 
and Bak. Bax~'~ Bak~'~ B cells from all differentiation 
stages tested were completely resistant to both protein 
synthesis inhibitors up to 750 nM (Figure 3a). 

As normal B cells were sensitive to silvestrol and HHT, we 
investigated whether these compounds would be cytotoxic to 
other lymphoid cell types. Like B cells, T cells were sensitive; 
however, in contrast to B cells, their killing did not rely heavily 
on Bax and Bak, indicating that other pathways or direct 
activation of factors downstream must contribute to cytotoxi- 
city in these cells (Figure 3b). 

Given the high sensitivity of normal lymphoid cells, we were 
interested in assessing their impact on non-lymphoid cells. 
Notably, HHT causes neutropenia 28 a common side effect of 
cytotoxic chemotherapy usually ascribed to reduction of 
neutrophil production. However, we found that purified mouse 
neutrophils are readily killed in vitro by silvestrol and HHT and 
in a Bax/Bak-dependent manner (Figure 3c). In contrast to 
lymphoid cells or neutrophils, anuclear platelets were insen- 
sitive in vitro to both silvestrol and HHT under conditions 
where the BH3 mimetic compound ABT-737 readily killed 
platelets 29 by neutralizing the anti-apoptotic Bcl-x L 
(Figure 3d). 

In summary, we found that translation inhibitors kill a wide 
range of normal hematopoietic cell types, even ones that are 
non-cycling and terminally differentiated, but cell death was 
not universally dependent on Bax and Bak. 

The role of Mcl-1 reduction in cell killing by translation 
inhibitors. Our data (Figures 2 and 3) strongly indicate that 
Bax and/or Bak-mediated cell death is a key consequence of 
protein synthesis inhibition in many cell types. How might 
compounds that inhibit translation activate these cell death 
mediators? On exposure to silvestrol or HHT, the levels of 
pro-survival Mcl-1 decline rapidly (Supplementary Figure 5a) 
and it has been proposed that this is the key process for 
inducing apoptosis. 16,17,22,30 In this scenario, translation 
inhibitors should be particularly cytotoxic to Mcl-1 -dependent 
cells. 
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Figure 3 Diverse non-transformed hematopoietic cells are sensitive to translation inhibition in culture, but not all are killed exclusively by Bax/Bak-mediated apoptosis. 
(a and b) The translation inhibitors kill many lymphoid cell subsets by Bax/Bak-mediated apoptosis in vitro, but the killing of splenic T cells must also involve additional 
processes. The sensitivity (assessed by PI uptake) of freshly isolated wt or Bax~'~ Bak~'~ (a) B or (b) T lymphoid cells after 24 h of treatment with silvestrol or HHT in 
culture is depicted in the form of heat maps; the mean EC 50 of cells is represented (n = 3-6 mice per genotype). See Supplementary Figure 4 for definitions of the B-cell 
subsets, (c) Neutrophils are killed in vitro by treatment with translation inhibitors. The survival of neutrophils after 24 h of treatment with silvestrol or HHT was determined by 
high-content live cell imaging using staining with Cell Tracker Green to image live cells (CTG) and PI to view dead cells (n = 2-9 mice/ genotype). 49 (d) Platelets are insensitive 
to translation inhibitors in vitro. Survival of freshly isolated platelets determined by Annexin V staining (to detect phosphytidyl-serine exposure) followed by flow cytometric 
analysis after treatment in culture with ABT-737 (1 /iM), silvestrol (20 /M) or HHT (20 /iM) for 90 min (n = 2 mice in independent experiments). Cell survival was normalized to 
vehicle-treated controls; error bars represent the S.D. in all graphs 



We initially tested this hypothesis using fibroblasts lacking 
Bcl-2, Bcl-x L or Mcl-1 (Figure 4a and Supplementary 
Figure 5b). Silvestrol and HHT induced cell death completely 
via Bak-mediated apoptosis in fibroblasts (Figure 2a) and Bcl- 
x L and Mcl-1 are the critical guardians of Bak in these cells. 31 
We consequently predicted that Sc/-x _/_ cells would be 
much more sensitive to Mcl-1 inhibition than their wild-type 
counterparts because they would be more dependent on Mcl- 
1 for survival (see schematic in Figure 4a). Although loss of 
Bcl-x L increased sensitivity to silvestrol and HHT, the removal 
of Bcl-2 or Mcl-1 also sensitized fibroblasts to these 
compounds (Figure 4a). Therefore, although Mcl-1 protein 
levels are rapidly reduced after protein synthesis inhibition 
(Supplementary Figure 5a), 17 ' 22,30 its loss does not appear to 
be the sole or even major trigger of apoptosis in fibroblasts. 
Furthermore, fibroblasts can survive in the complete absence 
of Mcl-1 and translation inhibitors still induce death in such 
Mcl-1 -deficient cells (Figure 4a). Our studies suggest that all 
the pro-survival Bcl-2 family members tested impose critical 
barriers to death when translation is inhibited. 

To extend these studies, we evaluated the role of Mcl-1 in 
non-transformed B lymphoid cells, which absolutely require 
this pro-survival protein for their survival. 32 As our previous 
data suggested that B cells are not killed exclusively via Bak 
(Figure 2c and Supplementary Figure 3a), we used an 
alternate strategy to that used above. We hypothesized that 



if Mcl-1 reduction was an important barrier to cell death 
induced by translation inhibitors, then B cells with Mcl-1 haplo- 
insufficiency should be more sensitive than their wild-type 
counterparts (Supplementary Figure 6a). Indeed, Mcl-1 +/ ~ B 
cells were considerably more sensitive than their wild-type 
counterparts to ABT-737 (Figure 4b), consistent with the 
notion that Mcl-1 is the critical barrier to the action of this BH3 
mimetic compound. 30 In contrast, B cells lacking one allele of 
Mcl-1 were not significantly more sensitive to silvestrol or HHT 
compared with their wt {Mcl-1 +/+ ) counterparts (Figure 4c 
and Supplementary Figures 6b and c). Similar to B lympho- 
cytes, loss of one allele of Mcl-1 did not significantly increase 
the sensitivity of neutrophils, which also rely heavily on Mcl-1 
for their survival (Supplementary Figures 6b and c). 33 

Therefore, contrary to what was predicted, 16 ' 17,22,23 reduc- 
tion of Mcl-1 protein levels did not have a major role in the 
apoptotic cell death caused by translation inhibition even in 
cells that are critically dependent on Mcl-1 for their survival. 

Inhibitors of protein synthesis induce multiple anti- 
replicative effects irrespective of Bax/Bak-mediated 
apoptosis. As silvestrol has been reported to inhibit 
proliferation in mantle cell lymphoma, 16 we investigated 
whether leukemias were similarly affected. The total number 
of viable cells from all leukemia-derived cell lines tested was 
substantially reduced after translation inhibition, even when 
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Figure 4 Mcl-1 does not have the major role in apoptosis triggered by protein synthesis inhibition, (a) Loss of Mcl-1 and other pro-survival Bcl-2 family members sensitizes 
fibroblasts to translation inhibitors. The survival of wt MEFs or ones lacking the indicated pro-survival Bcl-2 family members was measured by the exclusion of PI in flow 
cytometric analysis after treatment in culture with silvestrol (left) or HHT (right) for 24 h (n = 3-5 independent experiments, 2-5 independently derived lines of each genotype). 
Far right: schematic illustrating the dependency of knockout MEFs for the other pro-survival Bcl-2 family members after translation inhibition, (b and c) Reduction of Mcl-1 has 
only a minor impact on the sensitivity of B lymphoid cells to silvestrol. The survival of wt (Mcl-1 +/+ ) or Mcl-1 +/ ~ splenic B cells was assessed by PI staining and flow 
cytometric analysis after 24-h treatment in culture with (b) ABT-737 or (c) silvestrol (n = 4 — 8 mice per genotype). P-values (two-tailed f-test) are depicted as follows: 
**P< 0.01 . See Supplementary Figure 4 for definitions of B-cell subsets. Cell survival was normalized to vehicle (DMSO)-treated controls; error bars represent the S.E.M. in all 
graphs 



cell death was modest (Figure 5a and Supplementary 
Figure 7a). This suggests that HHT and silvestrol inhibits 
cell proliferation in addition to inducing cell death. Moreover, 
the K562 CML-derived cells, which are resistant to silvestrol 
and HHT-induced apoptosis, lost their ability to replicate after 
a pulse exposure to these compounds (Figure 5b). In 
addition, the number of viable cells was considerably 
reduced in cultures of fibroblasts deficient for Bax and Bak 
(Figure 5c and Supplementary Figure 7b). This indicates that 
translation inhibition-induced growth arrest is independent of 
apoptosis. Therefore, translation inhibitors should have 
cytostatic activity in cancers with defects in apoptosis 
pathways. 

As there have been conflicting reports regarding the 
preferential block of specific cell cycle stages induced by 
translation inhibitor treatment, 16 ' 34,35 we investigated these 
effects further. In contrast to agents like nocodazole, which 
block cells at the G 2 /M transition, neither silvestrol nor HHT 
caused Bax~'~ Bak~'~ cells to accumulate at any specific 
stage of the cell cycle (Supplementary Figure 7c) when 
protein synthesis and cell proliferation were inhibited by 95% 
(Figure 5c and Supplementary Figures 2b and 7b). Thus, 
silvestrol and HHT do not act on a specific stage of the cell 
cycle when apoptosis is inhibited. 

To investigate if the treated cells can recover their capacity 
to replicate when Bax/Bak-mediated apoptosis is disabled, we 



compared the clonogenic potential of wild-type MEFs to ones 
lacking both Bax and Bak. Intriguingly, colony formation was 
equally impaired after a 1 4-h pulse of treatment with silvestrol 
or HHT (Figures 5d and e), although cell death was only 
induced in wild-type but not in Bax~'~ Bak~'~ MEFs at this 
time (Supplementary Figure 8). These results indicate that the 
loss of clonogenic potential triggered by translation inhibition 
is independent of Bax/Bak-mediated apoptosis. 

Discussion 

The role of Mcl-1 reduction and apoptosis in cytotoxicity 
induced by translation inhibition. The decline in Mcl-1 
levels has been proposed to be the major effector of cell 
death induced by translation inhibitors as Mcl-1 levels drop 
rapidly after treatment (Supplementary Figure 5a). 16,17,22 ' 30 
Inhibition of Mcl-1 by the BH3-only Bik has also been 
proposed as a mechanism for cell killing 36 Nonetheless, 
when using genetic tools to determine the significance of 
these hypotheses, we found that Mcl-1 did not have the 
critical role in preventing death by either silvestrol or HHT, 
even in lymphoid cells and neutrophils that are dependent on 
Mcl-1 for their normal survival (Figure 4c and Supplementary 
Figure 6). 32 In fact, we found that all pro-survival Bcl-2 family 
members could have a role in inhibiting cell death because of 
translation inhibition (Figure 4a). 
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Figure 5 Translation inhibitors reduce cell viability by multiple mechanisms, (a) The translation inhibitors impair the proliferation of multiple cell types. The total numbers of 
viable leukemic cells were determined after 72-h exposure to silvestrol using the CellTiter-Glo assay (n=3 independent experiments), (b) The viability of K562 cells is 
impaired by treatment with protein synthesis inhibitors. K562 cells were treated for 24 h with the indicated concentrations of silvestrol or HHT, then cultured without compound 
for 3 days before the total numbers of viable cells were measured using the CellTiter-Glo assay (n = 3). (c) The translation inhibitors impair the proliferation independent of Bax 
and Bak. The total numbers of viable MEFs were determined after 72-h exposure to silvestrol using the CellTiter-Glo assay (n = 3 independent experiments), (d and e) Long- 
term (clonogenic) survival of MEFs after treatment with translation inhibitors is independent of Bax and Bak. Clonogenic survival of MEFs of the indicated genotypes was 
determined after 14 h of treatment with vehicle, etoposide (VP-16, 34 /iM) or the indicated concentrations of (d) silvestrol or (e) HHT, followed by culturing cells without 
compound for an additional 7 days. Quantification is shown on the left panels and expressed as a percentage of control (vehicle, DMSO)-treated samples (n= 3 independent 
experiments performed in duplicate). Representative stained plates are shown on the right. Data were normalized to vehicle (DMSO)-treated controls and the error bars 
represent the S.E.M. 



Fibroblasts lacking Mcl-1 were more sensitive to silvestrol 
than HHT when compared with cells lacking other pro-survival 
Bcl-2 family members (Figure 4a), suggesting that silvestrol 
can target additional survival protein(s), which are critical for 
cell survival under these particular circumstances. It is 
noteworthy that our results do not demonstrate that Mcl-1 is 
inconsequential for survival of the cell types tested, but 
instead suggest that other proteins must also be critical when 
translation is inhibited. Importantly, our results caution that 
correlations, such as a decrease in Mcl-1 protein levels and 
cell death, do not always signify causality. 

How is apoptosis induced after translation inhibition? The 
precise mechanism varies between cell types and most likely 
due to a different balance between the Bcl-2 family members. 
For instance, Bak is the major driver of translation inhibitor- 
induced apoptosis in MEFs but not in Eft-myc lymphomas 
(Figures 2a and c). We therefore caution that generalizations 
between cell types may not be informative. 

Importantly, our data also indicate that Bax/Bak-mediated 
apoptosis is not always the sole cell death pathway triggered 
by translation inhibitors. Strikingly, splenic T lymphocytes, 
which lacked Bax and Bak, underwent plasma membrane 
permeabilization on treatment with silvestrol or HHT 
(Figure 3b). Although it is possible that the poorly understood 
Bax/Bak-related Bok induces cell death under these specific 
circumstances, this appears unlikely given that cells from Bok- 
deficient mice respond normally to a broad range of apoptotic 



stimuli. We propose that either the death receptor pathway 
is activated or that the Bcl-2 regulated pathway is triggered 
downstream of Bax and Bak, for example, by reduction of 
XIAP, an inhibitor of effector caspases. 38 Other possibilities 
include induction of autophagy-induced cell death, necrosis or 
necroptosis. 

Death of wild-type cells occurs only after near complete 
inhibition of translation (Figure 4a and Supplementary 
Figure 2a), and not only when elF4F-sensitive mRNAs (such 
as those with 5'TOP sequences or 5' significant secondary 
structure such as Mcl-1) are affected. This conclusion is 
supported by our observations that the translation initiation 
and elongation inhibitor had similar potencies in almost all 
cells that we tested. Therefore, we found no benefit of 
targeting translation initiation over elongation. 

The consequences of inhibiting multiple survival path- 
ways. Many chemotherapeutic drugs function by inducing 
apoptosis and therefore are ineffective against tumors with 
genetic lesions in specific cell death regulatory genes or have 
other defects in apoptotic pathways. Remarkably, loss of the 
mitochondrial apoptotic pathway (by combined loss of Bax 
and Bak) did not influence the long-term survival and loss of 
proliferative potential after translation inhibition (Figures 5c-e). 
Accordingly, the numbers of viable cells were considerably 
reduced by treatment with HHT or silvestrol, even in the 
death-resistant K562 line (Figure 5a and Supplementary 
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Figure 7a). These data indicate that translation inhibitors 
should at minimum have tumor-static effects even if cell 
death cannot be induced in a particular cancer. 

Interestingly, the ability to replicate was also abrogated 
after translation-inhibiting compounds were removed in 
apoptosis-resistant leukemia (e.g., K562; Figure 5b). These 
results indicate that protein synthesis inhibitors may be 
effective in many types of chemo-resistant cancers as they 
can induce apoptosis, inhibit proliferation and impede 
clonogenic potential even after the inhibitor is removed. On 
the other hand, the long-term effects on normal replicating 
cells, such as rapidly dividing progenitor cells in the bone 
marrow and intestine, would need to be closely monitored. 

The sensitivity of differentiated cells and its clinical 
implications. Translation inhibitors killed patient-derived 
CLL cells, which are non-dividing in culture, at a faster rate 
than quickly proliferating leukemia lines (Figure 1 and 
Supplementary Figure 1). 17,22 Moreover, quiescent mature 
B cells displayed a similar sensitivity to translation inhibitors 
as their progenitors, many of which are cycling (Figure 3a 
and Supplementary Table 1). Therefore, neither proliferation 
nor differentiation status correlated with translation inhibition- 
induced cell death. This suggests that these compounds 
might be effective against tumor types arising from a wide 
range of differentiation states. Conversely, the sensitivity of 
normal cells from many differentiation stages raises con- 
cerns that protein synthesis inhibition may induce unaccep- 
table toxic side effects. Indeed, although both silvestrol and 
HHT were highly cytotoxic to E^-myc lymphoma cells in 
culture (Figure 2c and Supplementary Figure 3a), they were 
ineffective as single agents in vivo at the doses reported. 11,14 
A narrow therapeutic window could explain these results 
given that E^-myc lymphoma cells and primary B cells had 
very similar sensitivity to these two compounds in vitro 
(Supplementary Table 1). 

In addition, our data confirm and extend previous reports 
that treatment with translation inhibitors may put patients at 
risk of neutropenia (Figure 3c). 28 ' 39 Developing these 
compounds for combination therapy with other standard-of- 
care treatments instead of using them as single agents may 
diminish this risk if they can be efficacious at lower doses. In 
this regard, inhibitors of protein synthesis have already 
demonstrated synergistic effects with diverse cytotoxic drugs, 
including daunorubicin, etoposide, cytarabine and the BH3- 
mimetic ABT-737 in vitro. 40 In fact, both silvestrol and HHT, 
while ineffective as single agents in the E^t-myc lymphoma 
mouse model at doses tested in vivo, showed efficacy in 
combination with doxorubicin. 11,14 

In conclusion, although the potential toxicities caused by 
translation inhibitors need to be closely examined, translation 
inhibitors have potential as anticancer agents, especially in 
combination therapy. Their unique ability to inhibit multiple 
processes required for tumor expansion, some of them 
independent of apoptosis, suggests that translation inhibitors 
may be effective in even classically chemo-resistant cancers. 

Materials and Methods 

Translation inhibitors. HHT was purchased from Enzo Life Sciences (via 
Sapphire Bioscience Pty. Ltd., Waterloo, Australia), whereas silvestrol was 



synthetically prepared 41 Master stocks dissolved in DMSO were stored at 
- 80 °C. 

Mice. Bax~'~ Bak~'~ lymphoid cells (Figure 3a) were generated by 
reconstituting lethally irradiated (2x5.5Gy, 3h apart) wild-type recipient mice 
(C57BL/6-Ly5.1) with fetal liver cells from Ly5.2 Bax^'^Bak^'^ embryos 
(embryonic day 14.5) 42 Bak""'Bax~'~ mice were crossed with the vav-Cre 
transgenic mice 43 to generate mice lacking Bax and Bak only in the hematopoietic 
system (Figure 3c); Mcl-1 + '~ mice have been previously described. 29 All mice 
were on a C57BL/6 genetic background; either generated on this background, 
using C57BL/6-derived ES cells, or (in the case of the Bax~'~ and Ba\c'~ 
mice) were generated on a mixed C57BL/6 x 129SV background, using 129SV- 
derived ES cells, but back-crossed onto a C57BL/6 background for at least 10 
generations before intercrossing. The Walter and Eliza Hall Institute (WEHI) 
Animal Ethics Committee approved all animal experiments. 

Tissue culture. MEFs were immortalized with SV40 large T antigen and 
grown in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf 
serum (FCS; Bovogen, East Keilor, Australia), 50 /iM 2-mercaptoethanol (Sigma, 
Castle Hill, Australia) and 100 /(M asparagine (Sigma). MEFs and E^-myc 
lymphoma cells have been previously described. 31,44,45 HL-60, K562, CCRF-CEM, 
RPMI 8226 and MOLT-4 leukemia-derived cell lines (sourced from ATCC, 
Manassas, VA, USA) were grown in HT-RPMI supplemented with 10% FCS. 

In vitro culture of CLL samples. Whole blood from patients with CLL was 
collected into lithium heparin tubes and the mononuclear layer separated using 
Ficoll density gradient centrifugation and seeded at 1 million cells/ml in 
IMDM + 10% FCS as previously described. 46 Viable CLL cells were defined as 
CD19 + CD5 + Pr using a FACSCalibur flow cytometer (Becton Dickinson, North 
Ryde, Australia) after staining with CD19-PE (J3-119; Beckman Coulter, 
Gladesville, Australia), CD5-FITC (BL1a; Beckman Coulter) and propidium iodide 
(PI; Sigma). As the CLL cells can lose their surface markers at death, the numbers 
of viable CLL cells were normalized to the total number of cells in the sample. 
Samples were obtained from patients with CLL (as defined by World Health 
Organization classification of hematopoietic neoplasms) after written informed 
consent as approved by the Melbourne Health Human Research and Ethics 
Committee, which comprises the Institutional Review Board. 

Stable knock-down of Bax or Bak gene expression in cell 
lines. E^-myc lymphoma cells were infected with a retrovirus encoding an 
shRNA against mouse Bax (V2MM_2489; Open Biosystems, via Millennium 
Science, Surrey Hills, Australia) or, as a negative control, human IFI-16 
(V2HS_63531; Open Biosystems), subcloned into pLMP. shRNAs against Bak or 
the Renilla luciferase gene have been previously described. 47,48 Knock-down 
efficiency was verified by western blotting using antibodies to Bak (Sigma), Bax 
(21C10; WEHI) and HSP70 (loading control; N6; gift from W Welch). 

Cell survival and viability assays for MEFs, Efi-myc lymphoma 
cells and human leukemia-derived lines. Cells were treated with 
silvestrol, HHT or VP-16 (etoposide; Mayne Pharma, Salisbury South, Australia) at 
the indicated concentrations and, in the case of adherent cells, washed in PBS 
and trypsinized. Cells, washes and culture medium were combined. The cells were 
then pelleted and resuspended in FACS buffer (KDS BSS/2% FCS/1% sodium 
azide) containing 10/ig/ml PI. Samples were analyzed using a FACSCalibur flow 
cytometer (Becton Dickinson). The broad spectrum caspase inhibitor Q-VD-OPh 
(50 /(M; MP Biomedicals, Seven Hills, Australia) was added to cell cultures where 
indicated. Cell viability and proliferation assays were performed after 72 h of drug 
treatment using the CellTiter-Glo Luminescent Cell Viability Assay (Promega, 
Alexandria, Australia) following the manufacturer's instructions and data were 
represented relative to controls. 

Survival of primary lymphoid cells. Single-cell suspensions of bone 
marrow or spleen (0.5 million cells/ml) from 6- to 10-week-old wild-type C57BL/6 or 
the indicated mutant mice were treated with red cell removal buffer (0.16 M NH 4 CI, 
0. 1 3 mM EDTA, 1 2 mM NaHC0 3 ), washed in medium and then cultured for 24 h in 
medium (MT-RPMI/10% FCS/50/iM 2-mercaptoethanol) with silvestrol, HHT or 
vehicle at the indicated concentrations. Ten thousand unlabeled FACS beads 
were added and resuspended in MT-PBS/2% FCS with the indicated antibodies. 
After a wash in MT-PBS/2% FCS, cells were resuspended in MT-PBS/2% FCS 
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containing 10/ig/ml PI and subjected to flow cytometric analysis. Antibodies and 
fluorochromes used for surface staining were as follows: lgD-A680 (1 1-26C), IgM- 
PE (331.12), CD21-APC (7G6), B220-56CF (RA3-6B2), CD4-FITC (GK1.5; BD 
Biosciences, North Ryde, NSW, Australia), CD8a-APC (53-6.7; BD Biosciences), 
TCRp-PE (H57-597; BD Biosciences). Cell viability was calculated as the number 
of Pl-negative cells*beads counted/beads added per sample. 

Neutrophil survival. Mouse neutrophils were purified from bone marrow on 
Percoll gradients (52%/68%/78%) and cell survival in culture (in the presence of 
10ng/ml GM-CSF where indicated) was assayed essentially as previously 
described, using staining with Cell Tracker Green (CTG) (Invitrogen, Mulgrave, 
Australia) and PI (2/ig/ml). 49 Cell survival (%) was calculated as (live cells 
(CTG +ve Pr ve )/total cells (CTG +ve Pr ve + CTG^ ve PI +ve )) * 100. 

Platelet survival. Whole mouse blood (5 ,ul) was diluted in 90 fA resuspension 
buffer (1 mM HEPES pH 7.4, 14mM NaCI, 0.3 mM KCI, 50 /iM MgCI 2 , 50 jiM 
NaHC0 3 , 1 mM glucose). After incubation at 37 "C with the indicated 
concentrations of compound, 60 n\ was transferred into a 96-well plate, avoiding 
the sediment of red blood cells, stained with FITC-Annexin V (Invitrogen) to detect 
dying or dead cells and CD41-APC (eBioMWReg30; eBioscience via Jomar 
Bioscience, Kensington, Australia) to detect cells of the megakaryocytic lineage. 
CD41 + cells were analyzed using a FACSCalibur (Becton Dickinson). A 90-min 
time point was chosen because of the exquisitely short half-life of platelets 
in vitro. 50 

Clonogenic cell survival assays. MEFs were seeded at low density (40 
cells per well in 12-well dishes). After attachment, cells were treated with 
compound for 14 h, washed and cultured in fresh medium without compound for 
another 7 days. The numbers of colonies were determined after staining with 
Giemsa (Merck, Kilsyth, Australia). 



Conflict of Interest 

The authors declare no conflict of interest. 



Acknowledgements. We thank Drs K Mason, D Segal and D Vaux for 
insightful discussions; SL Khaw for sharing results pre-publication; D Tarlinton, 
C Scott, P Bouillet, D Green, S Korsmeyer, N Motoyama and C Thompson for gifts 
of reagents including mice; Abbott for ABT-737; H Donatucci and G Siliciano for 
animal husbandry; A Georgiou, H lerino, A Srikumar, C Clarke, R Lindeman and K 
Stanley for technical support. Our laboratories are supported by fellowships and 
grants from the Australian National Health and Medical Research Council (Early 
Career Fellowship to LML; Research Fellowships to RWJ, AWR (honorary), BTK, 
DCSH; Australia Fellowship to AS; program grants 461219, 461221, 1016701 to 
RWJ, AWR, BTK, AS and DCSH, 461221 , 454569 to RWJ, project grants 637360 to 
DCSH, 637367 to BAC, 637326 to AS, 1028871 to RWJ; Independent Research 
Institutes Infrastructure Support Scheme IRIISS grant 361646), Australian 
Research Council (Fellowship to BAC; Discovery Grant to MAR), Victorian Cancer 
Agency (Clinical Research Fellowship to AWR), the Leukemia and Lymphoma 
Society (SCOR grant 7413), the Canadian Institutes of Health Research 
(Postdoctoral Fellowship to LML, who is also a Bisby Fellow), Cancer Therapeutics 
CRC (JMC, MAR), Jill and Ross Webster Bequest (scholarship to MAA), Susan G 
Komen Breast Cancer Foundation (RWJ), Cancer Council of Victoria (RWJ), 
Leukemia Foundation of Australia (RWJ), Victorian Breast Cancer Research 
Consortium (RWJ), Victorian Cancer Agency (Clinical Research Fellowship to 
AWR; RWJ) and a Victorian State Government Operational Infrastructure Support 
(OIS) grant. 



1 . Wang S, Rosenwald IB, Hutzler MJ, Pihan GA, Savas L, Chen JJ ef al. Expression of the 
eukaryotic translation initiation factors 4E and 2alpha in non-Hodgkin's lymphomas. Am J 
Pathol 1999; 155:247-255. 

2. Lin YW, Apian PD. Gene expression profiling of precursor T-cell lymphoblastic leukemia/ 
lymphoma identifies oncogenic pathways that are potential therapeutic targets. Leukemia 
2007;21:1276-1284. 

3. Hilliard A, Hilliard B, Zheng SJ, Sun H, Miwa T, Song W ef al. Translational regulation of 
autoimmune inflammation and lymphoma genesis by programmed cell death 4. J Immunol 
2006; 177: 8095-8102. 



4. Ruggero D, Montanaro L, Ma L, Xu W, Londei P, Cordon-Cardo C ef al. The translation 
factor elF-4E promotes tumor formation and cooperates with c-Myc in lymphomagenesis. 
Nat Med 2004; 10: 484^86. 

5. Wendel HG, De Stanchina E, Fridman JS, Malina A, Ray S, Kogan S ef al. Survival signalling 
by Akt and elF4E in oncogenesis and cancer therapy. Nature 2004; 428: 332-337. 

6. Lazaris-Karatzas A, Montine KS, Sonenberg N. Malignant transformation by a 
eukaryotic initiation factor subunit that binds to mRNA 5' cap. Nature 1990; 345: 
544-547. 

7. Thornton S, Anand N, Purcell D, Lee J. Not just for housekeeping: protein initiation and 
elongation factors in cell growth and tumorigenesis. J Mol Med 2003; 81 : 536-548. 

8. Lindqvist L, Pelletier J. Inhibitors of translation initiation as cancer therapeutics. Fufure Med 
Chem 2009; 1: 1709-1722. 

9. Schneider RJ, Sonenberg N. Translational control in cancer development and 
progression. In: Mathews MB, Sonenberg N, Hershey JWB (eds). Translational Control 
in Biology and Medicine. Cold Spring Harbor Laboratory Press: Cold Spring Harbor, 2007, 
pp 401-431. 

10. Fresno M, Jimenez A, Vazquez D. Inhibition of translation in eukaryotic systems by 
harringtonine. EurJBiochem 1977; 72: 323-330. 

11. Robert F, Carrier M, Rawe S, Chen S, Lowe S, Pelletier J. Altering chemosensitivity by 
modulating translation elongation. PLoS One 2009; 4: e5428. 

12. Quintas-Cardama A, Kantarjian H, Cortes J. Homoharringtonine omacetaxine mepesucci- 
nate, and chronic myeloid leukemia circa 2009. Cancer 2009; 115: 5382-5393. 

13. Wetzler M, Segal D. Omacetaxine as an anticancer therapeutic: what is old is new again. 
Curr Pharm Des 201 1 ; 17: 59-64. 

14. Bordeleau ME, Robert F, Gerard B, Lindqvist L, Chen SM, Wendel HG etal. Therapeutic 
suppression of translation initiation modulates chemosensitivity in a mouse lymphoma 
model. J Clin Invest 2008; 118: 2651-2660. 

15. Cencic R, Carrier M, Galicia-Vazquez G, Bordeleau ME, Sukarieh R, Bourdeau A etal. 
Antitumor activity and mechanism of action of the cyclopentajbjbenzofuran, silvestrol. 
PLoS One 2009; 4: e5223. 

16. Alinari L, Prince CJ, Edwards RB, Towns WH, Mani R, Lehman A etal. Dual Targeting of 
the cyclin/Rb/E2F and mitochondrial pathways in mantle cell lymphoma with the translation 
inhibitor silvestrol. Clin Cancer Res 2012; 18: 4600-461 1 . 

17. Lucas DM, Edwards RB, Lozanski G, West DA, Shin JD, Vargo MA etal. The novel plant- 
derived agent silvestrol has B-cell selective activity in chronic lymphocytic leukemia and 
acute lymphoblastic leukemia in vitro and in vivo. Stood 2009; 113: 4656^1666. 

1 8. Koromilas AE, Lazaris-Karatzas A, Sonenberg N. mRNAs containing extensive secondary 
structure in their 5' non-coding region translate efficiently in cells overexpressing initiation 
factor elF-4E. EMBO J1992; 11: 4153-4158. 

1 9. Zimmer SG, DeBenedetti A, Graff JR. Translational control of malignancy: the mRNA cap- 
binding protein, elF-4E, as a central regulator of tumor formation, growth, invasion and 
metastasis. Anticancer Res 2000; 20: 1343-1351. 

20. Wendel HG, Silva RL, Malina A, Mills JR, Zhu H, Ueda T ef al. Dissecting elF4E action in 
tumorigenesis. Genes 0ev2OO7; 21: 3232-3237. 

21. Graff JR, Konicek BW, Vincent TM, Lynch RL, Monteith D, Weir SN ef al. Therapeutic 
suppression of translation initiation factor elF4E expression reduces tumor growth without 
toxicity. J Clin Invest 2007; 117: 2638-2648. 

22. Chen R, Guo L, Chen Y, Jiang Y, Wierda WG, Plunkett W. Homoharringtonine reduced 
Mcl-1 expression and induced apoptosis in chronic lymphocytic leukemia. Stood 201 1; 117: 
156-164. 

23. Tang R, Faussat AM, Majdak P, Marzac C, Dubrulle S, Marjanovic Z ef al. Semisynthetic 
homoharringtonine induces apoptosis via inhibition of protein synthesis and triggers rapid 
myeloid cell leukemia-1 down-regulation in myeloid leukemia cells. Mol Cancer Ther200S; 
5: 723-731. 

24. Lindsten T, Ross AJ, King A, Zong WX, Rathmell JC, Shiels HA ef al. The combined 
functions of proapoptotic Bcl-2 family members bak and bax are essential for normal 
development of multiple tissues. Mol Ce//2000; 6: 1389-1399. 

25. Wei MC, Zong WX, Cheng EH, Lindsten T, Panoutsakopoulou V, Ross AJ ef al. 
Proapoptotic BAX and BAK: a requisite gateway to mitochondrial dysfunction and death. 
Science 2001; 292: 727-730. 

26. Kuroda J, Kamitsuji Y, Kimura S, Ashihara E, Kawata E, Nakagawa Y etal. Anti-myeloma 
effect of homoharringtonine with concomitant targeting of the myeloma-promoting 
molecules, Mcl-1, XIAP, and beta-catenin. Int J Hematol 2008; 87: 507-515. 

27. Adams JM, Harris AW, Pinkert CA, Corcoran LM, Alexander WS, Cory S ef al. The c-myc 
oncogene driven by immunoglobulin enhancers induces lymphoid malignancy in transgenic 
mice. Nature 1985; 318: 533-538. 

28. Quintas-Cardama A, Kantarjian H, Garcia-Manero G, O'Brien S, Faderl S, Estrov Z etal. 
Phase l/ll study of subcutaneous homoharringtonine in patients with chronic myeloid 
leukemia who have failed prior therapy. Cancer 2007; 109: 248-255. 

29. Mason KD, Carpinelli MR, Fletcher Jl, Collinge JE, Hilton AA, Ellis S ef al. Programmed 
anuclear cell death delimits platelet life span. Ce//2007; 128: 1173-1186. 

30. van Delft MF, Wei AH, Mason KD, Vandenberg CJ, Chen L, Czabotar PE etal. The BH3 
mimetic ABT-737 targets selective Bcl-2 proteins and efficiently induces apoptosis via Bak/ 
Bax if Mcl-1 is neutralized. Cancer Ce//2006; 10: 389-399. 

31. Willis SN, Chen L, Dewson G, Wei A, Naik E, Fletcher Jl ef at. Proapoptotic Bak is 
sequestered by Mcl-1 and Bcl-xL, but not Bcl-2, until displaced by BH3-only proteins. 
Genes Dev2005; 19: 1294-1305. 



Cell Death and Disease 



Cell death induced by translation inhibitors 

LM Lindqvist ef al 



32. Opferman JT, Letai A, Beard C, Sorcinelli MD, Ong CC, Korsmeyer SJ. Development and 
maintenance of B and T lymphocytes requires antiapoptotic MCL-1 . Nature 2003; 426: 
671-676. 

33. Dzhagalov I St, John A, He YW. The antiapoptotic protein Mcl-1 is essential for the survival 
of neutrophils but not macrophages. Blood 2007; 109: 1620-1626. 

34. Mi Q, Kim S, Hwang BY, Su BN, Chai H, Arbieva ZH ef al. Silvestrol regulates G2/M 
checkpoint genes independent of p53 activity. Anticancer Res 2006; 26: 3349-3356. 

35. Baaske DM, Heinstein P. Cytotoxicity and cell cycle specificity of homoharringtonine. 
Antimicrob Agents Chemother 1977; 12: 298-300. 

36. Shimazu T, Degenhardt K, Nur EKA, Zhang J, Yoshida T, Zhang Y ef al. NBK/BIK 
antagonizes MCL-1 and BCL-XL and activates BAK-mediated apoptosis in response to 
protein synthesis inhibition. Genes Dev2007; 21: 929-941. 

37. Ke F, Voss A, Kerr JB, O'Reilly LA, Tai L, Echeverry N ef al. BCL-2 family member BOK is 
widely expressed but its loss has only minimal impact in mice. Cell Death Differ 2012; 19: 
915-925. 

38. Jost PJ, Grabow S, Gray D, McKenzie MD, Nachbur U, Huang DC ef al. XIAP 
discriminates between type I and type II FAS-induced apoptosis. Nature 2009; 460: 
1035-1039. 

39. Sakamoto C, Suzuki K, Hato F, Akahori M, Hasegawa T, Hino M ef al. Antiapoptotic effect 
of granulocyte colony-stimulating factor, granulocyte-macrophage colony-stimulating 
factor, and cyclic AMP on human neutrophils: protein synthesis-dependent and protein 
synthesis-independent mechanisms and the role of the Janus kinase-STAT pathway. Int J 
Hematol 2003; 77: 60-70. 

40. Cencic R, Carrier M, Trnkus A, Porco JA Jr, Minden M, Pelletier J. Synergistic effect of 
inhibiting translation initiation in combination with cytotoxic agents in acute myelogenous 
leukemia cells. LeuJc Res 2010; 34: 535-541 . 

41 . Adams TE, El Sous M, Hawkins BC, Hirner S, Holloway G, Khoo ML ef al. Total synthesis 
of the potent anticancer Aglaia metabolites (-)-silvestrol and (-)-episilvestrol and the active 
analogue (-)-4'-desmethoxyepisilvestrol. J Am Chem Soc 2009; 131: 1607-1616. 

42. Carrington EM, Vikstrom IB, Light A, Sutherland RM, Londrigan SL, Mason KD ef al. 
BH3 mimetics antagonizing restricted prosurvival Bcl-2 proteins represent another 
class of selective immune modulatory drugs. Proc Natl Acad Sci USA2QW; 107: 10967-10971. 



43. Croker BA, Metcalf D, Robb L, Wei W, Mifsud S, DiRago L ef al. SOCS3 is a critical 
physiological negative regulator of G-CSF signaling and emergency granulopoiesis. 
Immunity 2004; 20: 153-165. 

44. Happo L, Cragg MS, Phipson B, Haga JM, Jansen ES, Herald MJ ef al. Maximal killing of 
lymphoma cells by DNA damage-inducing therapy requires not only the p53 targets Puma 
and Noxa, but also Bim. B/ood 2010; 116: 5256-5267. 

45. Lee EF, Czabotar PE, van Delft MF, Michalak EM, Boyle MJ, Willis SN etal. A novel BH3 
ligand that selectively targets Mcl-1 reveals that apoptosis can proceed without Mcl-1 
degradation. J Cell Biol 2008; 180: 341-355. 

46. Mason KD, Khaw SL, Rayeroux KC, Chew E, Lee EF, Fairlie WD etal. The BH3 mimetic 
compound, ABT-737, synergizes with a range of cytotoxic chemotherapy agents in chronic 
lymphocytic leukemia. Leukemia 2009; 23: 2034-2041 . 

47. Zuber J, McJunkin K, Fellmann C, Dow LE, Taylor MJ, Hannon GJ ef al. Toolkit for 
evaluating genes required for proliferation and survival using tetracycline-regulated RNAi. 
Naf Biotechnol 201 1 ; 29: 79-83. 

48. Jiang H, Pritchard JR, Williams RT, Lauffenburger DA, Hemann MT. A mammalian 
functional-genetic approach to characterizing cancer therapeutics. Nat Chem Biol 201 1 ; 7: 
92-100. 

49. Croker BA, O'Donnell JA, Nowell CJ, Metcalf D, Dewson G, Campbell KJ ef al. Fas- 
mediated neutrophil apoptosis is accelerated by Bid, Bak, and Bax and inhibited by Bcl-2 
and Mcl-1. Proc Natl Acad Sci USA 201 1 ; 108: 13135-13140. 

50. Schoenwaelder SM, Yuan Y, Josefsson EC, White MJ, Yao Y, Mason KD etal. Two distinct 
pathways regulate platelet phosphatidylserine exposure and procoagulant function. Blood 
2009; 114: 663-666. 



Cell Death and Disease is an open-access journal 
published by Nature Publishing Group. This work is 



© 



licensed under the Creative Commons Attribution-NonCommercial-No 
Derivative Works 3.0 Unported License. To view a copy of this license, 
visit http://creativecommons.Org/licenses/by-nc-nd/3.0/ 



Supplementary Information accompanies the paper on Cell Death and Disease website (http://www.nature.com/cddis) 



Cell Death and Disease 



